Infrared spectroscopy is a powerful tool for basic and applied science. The molecular "spectral fingerprints" in the 3 µm to 20 µm region provide a means to uniquely identify molecular structure for fundamental spectroscopy, atmospheric chemistry, trace and hazardous gas detection, and biological microscopy. Driven by such applications, the
development of low-noise, coherent laser sources with broad, tunable coverage is a topic of great interest. Laser frequency combs possess a unique combination of precisely defined spectral lines and broad bandwidth that can enable the above-mentioned applications.
Here, we leverage robust fabrication and geometrical dispersion engineering of silicon nanophotonic waveguides for coherent frequency comb generation spanning 70 THz in the mid-infrared (2.5 µm to 6.2 µm). Precise waveguide fabrication provides significant spectral broadening and engineered spectra targeted at specific mid-infrared bands. We use this coherent light source for dual-comb spectroscopy at 5 µm.
Spectroscopy has been a primary scientific tool for studying nature, leading to seminal advances in astronomy, quantum physics, chemistry and biology. The coherent light from a laser provides a powerful spectroscopic tool with the properties of high spectral resolution, wavelength tunability, and a well-defined Gaussian beam enabling high intensity focusing and long-distance propagation. Frequency comb lasers combine the above qualities in addition to a broad spectrum of precisely defined optical lines (the "comb") that can be absolutely referenced to radio frequencies (RF) or atomic frequency standards [1] [2] [3] . This has led to a variety of new spectroscopic advances [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] .
While frequency combs were initially developed for the visible and near-infrared spectral regions, more recent research has focused on extending their coverage to the mid-infrared (mid-IR) 14 . This spectral region is of great interest because it is where many molecules including greenhouse gases, poisonous agents, explosives, and organics show distinctive ro-vibrational absorption fingerprints 14 . The development of a practical, broadband, and low-noise mid-IR frequency comb with moderate power could dramatically improve frequency precision, sensitivity, and data acquisition rates compared to conventional techniques such as Fourier-3 transform-infrared (FTIR) spectroscopy. Different approaches have been demonstrated for mid-IR comb generation including optical-parametric-oscillators (OPO) [15] [16] [17] [18] , difference-frequencygeneration (DFG) , [19] [20] [21] [22] [23] [24] [25] , microresonators [26] [27] [28] [29] [30] , quantum cascade lasers (QCLs) 31 , and supercontinuum generation [32] [33] [34] [35] [36] [37] [38] . Nonetheless, there lies an opportunity for approaches demonstrating broad bandwidth mid-IR generation with the combined attributes of robust integration, low noise, high spectral resolution and engineered spectral shape.
In the present work, we engineer supercontinuum in silicon waveguides to realize versatile, tunable, and coherent mid-IR frequency combs. The motivation to use a nanophotonic platform lies in the connection between geometric control of the waveguides and the groupvelocity-dispersion (GVD), which allows the unique tailoring of the nonlinear light generation with application-defined power, spectral shape, and bandwidth. Taken together with robust lithographic fabrication, and the strong third-order-nonlinearity of Si-on-Sapphire (SoS) 36 , we realize on-chip mid-IR frequency combs across 70 THz (2.5 µm to 6.2 µm) with both multi-and broad-band spectra. We also demonstrate that the supercontinuum from these waveguides adds negligible noise beyond that of the 3 µm pump, enabling the use of these devices for dual-comb spectroscopy (DCS) of carbonyl sulfide (OCS) at 5 µm. Furthermore, the simplicity and flexibility of the photonic technology introduced here is conducive to system-level integration with emerging chip-based DFG sources 39 or mid-IR passively mode-locked fiber sources 40 . This could lead to a heterogeneously integrated nanophotonics platform for simple, versatile, mid-IR sources with small footprint, low power consumption, and modest cost. The user-controlled and engineered multiband spectra would particularly benefit applications where parallel multi-comb operation is desired, such as compact point sensors for real-time in situ chemical synthesis monitoring, single bio-molecule near-field microscopy, and remote sensing.
Waveguide Geometries and Dispersion Profiles
Silicon-based integrated photonic platform provides many characteristics required for efficient mid-IR supercontinuum generation. This includes transparency to ~ 8 µm, high third order nonlinearity ( " = 6×10 )*+ , -.
, which is 100x larger than silica) 36 , and high index of refraction (range of 3.42 to 3.45). Together, these properties lead to low intrinsic loss, high mode confinement, versatile dispersion engineering in waveguides, and enhanced nonlinear interactions. Historically, however, nonlinear Si photonics depended on Si-on-Insulator (SOI) technology in which the optical mode interacts with a SiO 2 cladding material [37] [38] . This platform not only limits the geometrical dispersion by reducing the core-cladding index contrast, but it also restricts the mid-IR generation to wavelengths shorter than ~ 3.0 µm due to the increased absorption of the oxide cladding. For this reason, a use of alternative Si-based platforms with different cladding materials is necessary to fully realize the advantages of an Si-based nonlinear photonic platform for mid-IR applications.
We design and fabricate air-clad Si waveguides on a sapphire substrate to avoid extra losses due to cladding and substrate absorption 36 . The waveguides are tapered to wider widths for broadband input and output coupling (see Methods for fabrication details). The propagation and coupling losses are measured at the pump wavelength to be 5 dB/cm to 7 dB/cm (depending on waveguide geometry) and 6.7 dB ± 1.4 dB per facet, respectively. Two different waveguide cross-sections are used for engineered dispersion profiles to provide anomalous GVD at the pump wavelength of 3.06 µm. where, as shown in Fig. 1 (f) , the zero-dispersion wavelength is tuned with the notch position, nP, relative to the center of the waveguide.
These notch waveguides facilitate dispersive wave generation [41] [42] [43] [44] where a significant portion of the pump energy, as high as 40% depending on the pump pulse duration 44 , is transferred into a spectral peak with its center wavelength in the normal dispersion regime. The exact wavelength of the dispersive wave depends on the pump parameters and waveguide geometry and can be tailored using the phase matching condition 45 with c being the speed of light, n 2 is the nonlinear index of Si at the pump wavelength, and A eff the effective area of the waveguide.
Strip and notch waveguides can both be designed to provide flat, anomalous GVD with values close to zero in a broad wavelength bandwidth to generate octave-span continuum for applications where broad comb coverage is needed. Here, in Fig. 1 (g) we present two designs that facilitate this goal. The first waveguide has a strip cross-section with W wg = 3.06 µm (dark blue curve), while the second design benefits from the notch cross-section, with W n = 530 nm and nP = 1 µm, to provide a flat GVD profile over a broader bandwidth (orange curve).
Supercontinuum Generation
The validity of the dispersion designs and their usefulness for broadband supercontinuum spectra is verified experimentally. We designed and built a laser based on a 1550 nm Erbiumfiber oscillator performing DFG in a periodically-poled lithium niobate (PPLN) 19 to generate 3.06 µm pump light with 100 fs, 1 nJ pulses (refer to Methods). The mid-IR pump beam is freespace coupled to the TE 0 mode of the waveguides, with 0.12 nJ pulse energy in the device (refer to Methods). We monitored the output of the devices with a FTIR spectrometer to record the supercontinuum spectra. We show that the strip waveguides designed in Fig. 1 (c) can be utilized for light generation in multiple bands covering the spectral range from 3 µm to 4.25 µm depending on the width of the waveguide ( Fig. 2 (a) ). The notch waveguides are also tested, and it is shown in Fig. 2 (b) that these can generate long-wavelength dispersive waves, pushing the light to wavelengths as high as 5.7 µm depending on the notch position. Figure 2 (c) presents the measured output spectra of the two waveguides (strip and notch) designed for broadband, octavespan supercontinuum generation. Figure 1 (g) shows that the strip waveguide provides a broad spectrum from 2.3 µm up to 5 µm where the generated spectrum drops due to the highly dispersive GVD values (> 100 ps/km·nm) at longer wavelengths. The notch waveguide generates light at wavelengths from 2.5 µm to 6.2 µm due to its extremely flat GVD profile. Increasing GVD values and absorption of the sapphire substrate limit the generation at wavelengths above 6
µm. The output mid-IR powers of the waveguides at the shaded regions in Fig. 2 (a) and (b) are independently measured to be tens of microwatts. The spectral shape, bandwidth, and power of the shaded regions are of great importance since they can be filtered and used for dual-comb spectroscopy applications. We also noted that although 3 µm to 5 µm mid-IR light generation is possible through DFG directly from PPLN [23] [24] , the Si waveguide platform offers some distinct advantages. The Si-photonics platform not only enables extremely simple wavelength tunability through waveguide geometrical engineering, it also satisfies an important spectroscopic requirement of broad bandwidth (> 10 THz), and flat optical spectrum (< 10 dB spectral variation). Moreover, this platform enables having hundreds of devices with different GVD profiles on a single 1 cm 2 device area size.
Comparison with model
We model the supercontinuum generation by solving the generalized nonlinear The pulse evolution simulations reveal that the soliton fission occurs 1 mm into the Si waveguide. While the spectral broadening in strip waveguides is mostly dominated by the soliton fission and soliton dynamics, in notch waveguides the dispersive wave generation in the normal-GVD regime is responsible for the long wavelength spectral peak as predicted by the phase matching condition explained earlier. Our use of ultrashort 100 fs pulses favors the abovementioned nonlinear processes along with self-phase modulation as the main sources of supercontinuum generation. As verified experimentally and detailed below, these processes maintain the coherence of the original pump pulse 37 , in contrast to experiments with long picosecond pulses that result in background noise amplification and pulse interaction with the generated 3PA-induced free carriers 46 . We also note that the measured and simulated spectra in 
Noise properties
In many spectroscopy experiments, amplitude noise present in the light source limits the achievable precision 4 . Thus, we characterize the relative-intensity-noise (RIN) for different mid-IR bands at the output of the waveguides (refer to Methods for details of the measurement). The data is taken for noise bandwidth of 100 Hz to 10 MHz and presented in Fig. 3 . The intensity noise of the waveguide outputs closely follow that of the 3.06 µm pump for frequencies above 10 kHz. At less than 10 kHz, however, there is ~ 15 dB added noise at the waveguide outputs which is attributed primarily to mechanical stability and vibrations that perturb the coupling into these micron-scale waveguides. We also note a noise peak at ~ 2 MHz coming from the pump source.
Significantly, the measured levels of RIN do not pose a significant limitation in our dual-comb experiments, and should be possible to reduce with a still lower-noise pump source.
Dual-comb spectroscopy at 5 µm
The low-noise nature of our waveguide-generated mid-IR light along with its spectral flatness in the bands of interest opens numerous applications for dual-comb spectroscopy. One candidate for such a demonstration is carbonyl sulfide (OCS) with ro-vibrational lines from 4.7
µm to 5 µm 47 . We place an OCS gas cell in the beam path of a dual-comb system centered at 4.85 µm with 250 nm full-width-half-maximum (FWHM) bandwidth. The setup diagram of the dual-comb system is presented in Fig. 4 The pump source of the combs originates via DFG. Therefore, the mid-IR combs are offset-free, meaning that only stabilization of the repetition rates is sufficient to stabilize the combs. We lock and stabilize the Df rep of the dual-comb system using a microwave circuit to enable recording and averaging of the dual-comb heterodyne signal. This was performed based on an RF circuit operating at the 100 th harmonic of the repetition rates of the two combs 48 . The diagram of this circuit is presented in Fig. 4 (a) with detailed explanation in the Methods section.
While this scheme has the benefit of operating with established microwave circuitry in the 10
GHz region, it is nonetheless challenging to achieve sub-half-cycle relative stability at the 600,000 th harmonic of the repetition rate near 60 THz.
In-loop analysis of the locking noise, representing the best-case scenario for our stabilization, shows a total accumulated timing jitter of 24 fs, integrated from 10 Hz to 10 MHz. This is ~1.6x the optical cycle of 5 µm light, or equivalently 3.2p radians of phase noise. However, most of this timing jitter is accumulated between sampling rates of 1 kHz to 10 kHz. Above 10 kHz, the accumulated jitter is below 10 fs, achieving close to half-cycle relative stability. Therefore, if we choose a sampling window below 100 µs, averaging over consecutive interferogram measurements will be possible. In the experiment, we used a 20 µs acquisition window. While this is a promising result, a larger time window of 1/Df rep = 1/512 Hz = 1.95 ms is required for obtaining a comb-line resolved spectrum. Achieving a sub-half-cycle relative stabilization at 5
µm (60 THz) in this full window should be possible with improved microwave signal-to-noise and higher servo bandwidth. 4). Our results are also compared with that of the HITRAN 2012 database which is plotted with the filled grey curve. It is shown that our measurement is in good agreement with the database when the HITRAN spectrum is processed to match our 10 GHz spectral resolution (defined by the 20 µs measurement window). With improved frequency stabilization or more sophisticated phase correction 9 , our system should ultimately provide resolution at the 100 MHz comb-tooth spacing.
Discussion and outlook
We presented SoS waveguides as a nonlinear photonic platform for mid-IR comb generation and spectroscopy. Through dispersion engineering, we efficiently broadcast coherent frequency comb spectra across 70 THz of bandwidth in the mid-IR with power that can be engineered on either broad or narrow spectral windows. This capability provides the means to tailor the optical spectrum for detection and analysis of specific chemical compounds, or to distinguish between multiple species. The intensity noise performance and spectral flatness of the generated light enabled us to demonstrate preliminary dual-comb spectroscopy of OCS in the 5 µm spectral region. By employing suspended Si waveguides 49 or materials such as GaP and GaAs 15, 25, 50 , the approaches demonstrated here could be engineered and extended to provide spectral coverage beyond 10 µm.
A strength of this nanophotonics platform lies in the simple few-layer fabrication process along with their versatile performance and small chip footprint of 1 cm 2 , housing hundreds of devices. This platform provides many opportunities for system-level integration with a wide range of mode-locked femtosecond-pulsed mid-IR sources. System integration enables spectral tailoring of such sources to cover the span of mid-IR regime from 3 µm to 10 µm in a flexible, controlled manner. For example, the emerging femtosecond-pulsed Er 3+ -doped ZBLAN mid-IR fiber lasers 51 can be an interesting option to replace our free-space DFG-based pump source.
Alternatively, our nanophotonic chip can be integrated with a waveguide DFG pump to comprise a powerful nanophotonic system for mid-IR generation and spectral tailoring 39 .
Additionally, power requirements for the pump sources can be reduced through utilization of nanophotonic devices. These reductions arise from high on-chip optical intensity, better waveguide mode matching, and GVD engineering when DFG is performed on the chip.
Such a chip-based coherent infrared light source will expand applications in a range of laboratory spectroscopy, lab-on-a-chip diagnostics, and scanning probe microscopy.
Methods

Waveguide Fabrication
We start with a 600 nm thick crystalline Si layer epi-grown on an R-plane crystalline sapphire substrate. Shallow etched notches are patterned in a positive tone photoresist (SPR660)
by 365 nm i-line step lithography. The resist is then reflowed at 150 °C for 5 minutes to reduce the sidewall roughness. These patterns are transferred to the Si layer by reactive ion etching with HBr chemistry. This etch step is timed to achieve the etch depth of 300 nm. After resist removal and wafer cleaning, the same step-lithography process is repeated to pattern the waveguides.
This proceeds through the entire 600 nm Si device layer. After waveguide patterning, a 3 µm thick protective SiO 2 cladding layer is deposited with a plasma-enhanced chemical vapor deposition (PECVD) tool. After dicing into chips, the two end-facets are polished to achieve smooth waveguide facets for free-space coupling. The protective cladding layer is removed with buffered-oxide-etchant to achieve air-clad waveguides.
Pump source, waveguide coupling and supercontinuum measurement
The 3.06 µm frequency comb used to pump the Si waveguides is difference-frequency generated in a PPLN crystal. The process starts with a 100 MHz Er:fiber oscillator to generate a mode-locked, 70 fs, 1550 nm frequency comb with 30 mW average power. This light is then divided in a 50/50 fiber beamsplitter into two arms, namely pump and signal branches for the DFG process. In the pump branch, the beam is amplified in an Erbium-doped-fiber-amplifier (EDFA) and is sent through a highly-nonlinear-fiber (HNLF) with zero dispersion wavelength of ~ 1.3 µm to generate a dispersive wave at 1.03 µm. This light was then used to seed a ytterbiumdoped fiber amplifier and then passed through free-space grating couplers to generate 160 fs pulses with 1 W average power. In the signal branch, the 1550 nm light is amplified in a second EDFA to 200 mW average power and then enters free space. The two arms are then combined and temporally overlapped before entering a 1 mm long PPLN crystal to generate the 3.06 µm idler beam (120 nm of optical bandwidth at the 3 dB level) with 1 nJ, 100 fs pulses (100 mW average power). A detailed diagram of this source is presented in Supplementary Section III.
This TE-polarized 3.06 µm pump light is coupled into the waveguides using a chalcogenide glass aspheric lens (anti-reflection coated in 3 µm to 5 µm region) with numerical aperture (NA) of 0.56 for supercontinuum generation. After the free-space propagation of the 3 µm pump and multiple reflections and beam-taps, the average power incident on the waveguide is ~ 60 mW, with ~ 12 mW entering the device after the 6.7 dB/facet coupling loss. The waveguide alignment is optimized by imaging the output mode of the devices using a mid-IR InSb camera. After alignment optimization, the supercontinuum spectra of the waveguides are coupled out of the waveguides using an identical lens and recorded with a FTIR spectrometer. We note that due to the broad output of the waveguides and achromatic aberration of the out-coupling aspheric lens, the lens focus at the waveguide output was optimized for the maximum coupling of the longwavelength spectral features.
GVD and generalized nonlinear Schrödinger equation (NLSE) calculations
The generalized nonlinear Schrodinger's equation ( We solved the gNLSE using the split-step Fourier method (SSFM) with an adaptive stepsize algorithm using the following parameters: " = 6×10 )*+ , -.
(ref. 
RIN measurement
After collecting the waveguide output, the supercontinuum spectra are sent through a series of long-pass and band-pass filters. After the filters 500 nm FWHM mid-IR bands centered 
Dual-Comb Spectroscopy
The dual-comb spectroscopy setup consists of two mid-IR frequency combs operating at repetition rates of ~ 100 MHz. In comb 1, the mid-IR light is generated in a Si waveguide while in comb 2 a DFG comb, similar to the one described earlier, is constructed to generate mid-IR directly in the PPLN. This system is modified from the waveguide 3.06 µm pump system to allow tunable light generation from 2.6 µm to 5.2 µm. The amplified 1 µm beam in the pump branch has 2 W of average power. In the signal branch, the EDFA-amplified 1550 nm light was sent to a HNLF with zero-dispersion wavelength of 1520 nm for supercontinuum generation in with and without gas cell, respectively. We then use the optical spectrum without the cell as a reference to normalize the absorption spectrum.
Such a dual-comb system requires locking and stabilization of the lasers to keep the Df rep at 512 Hz for averaging of the interferograms without losing the spectral features. Since our dual-comb system is based on two offset-free DFG lasers, we only need to lock the repetition rates to achieve the desired stability. A microwave circuit is designed and used for this purpose in which the residual 1 µm pump beams after the PPLN crystals are collected and sent into two fast photodetectors. A microwave band-pass-filter is placed at the output of the detectors. These filters pass the 100x harmonic of the repetition rates at ~ 9.969 GHz which we call 100f frequency in comb 1 and 100(f+Df rep ) in comb 2. The rest of the harmonics (including the repetition rate tone) are coupled to a side output of the band-pass filters. The repetition rate tone of the comb 1 laser is used to clock an RF frequency synthesizer. Two channels of the frequency synthesizer are used to generate RF frequencies of f 0 + 100Df set = 500.0512 MHz and f 0 = 500
MHz. These are then mixed with the 9.96 GHz harmonics of the comb 1 and comb 2 arms, respectively before they are passed through bandpass filters to only keep the added frequencies (100f+f 0 +100Df set in comb 1 and 100f+f 0 +100Df set in comb 2). In the final stage of the circuit these two RF waves are mixed and band-pass filter to only keep the subtracted RF frequency of 100(Df set -Df set ). This signal is then sent to a loop filter module controlling the electro-optic modulators and piezo controllers in the comb 2 oscillator to stabilize the repetition rate difference at Df rep = Df set . In this scheme comb 1 laser acts as the master system with the comb 2 being the slave. Since the comb 1 repetition rate tone is used to clock the RF synthesizers, its phase noise is transferred to the comb 2 system causing the noises to cancel out when the Df rep is referenced and stabilized.
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